Introduction
Hz-1 virus was originally isolated from IMC-Hz-1 cells established from ovarian tissues of Heliothis zea , a lepidopteran (Hink, 1970; Ignoffo et al. , 1971; Granados, 1978) . It has been reported that the IMC-Hz-1 cells always entered a crisis phase like the reactivation from the persistent state to a productive infection, and cells became granular and died. A small proportion (< 0.01%) of the infected cells survived from the crisis and could be established as individual cell lines that produced rod-shape enveloped Hz-1 virus similar to baculovirus (Lin et al. , 1999) . Hz-1 virus can also establish persistent infection in other insect cell lines including IPLB-Ld652 ( Lymantria dispar ), IPLB-Hz-1075 ( Helicoverpa zea ), IPLB-SF-21 ( Spodoptera frugiperda ) and TN368 cells ( Tricoplusia ni ) (Hink, 1972) . It is the first insect virus reported that can establish both productive and persistent infections Kelly et al. , 1981) .
Hz-1 virus is rod-shaped, enveloped but with no occlusion body and its particle size is 414 ± 30 × 80 ± 30 nm (Burand et al. , 1986) . The viral genome of Hz-1 is 228 kb double-stranded circular DNA with a molecular weight of 1.31 × 10 7 Da (Huang et al. , 1982) . Hz-1 virus was previously classified as a member of Baculoviridae , and defined as the type species of the Nudibaculovirinae . Recently, it was defined as an unclassified insect virus owing to its lack of polyhedrin gene and the fact that the similarity of genomic DNA sequences between Hz-1 virus and other baculoviruses is low (Volkman et al. , 1995) . During the persistent infection, integration of the Hz-1 viral genome into the host chromosomes was detected (Lin et al. , 1999) . Temporal viral gene expression during the persistent infection of Hz-1 virus was reported (Chao et al. , 1992) . There are over one hundred genes expressed during productive infection with the size of transcripts ranging from 0.8 to 9.5 kb (Chao et al. , 1992) . In contrast, transcription of the Hz-1 viral genome is mostly silent during persistent infection with only a 2.9 kb persistence-associated transcript 1 (PAT1) expressed in the nucleus (Chao et al. , 1998) .
In this report, a 13.3 kb Hin dIII-D fragment of Hz-1 virus was sequenced and analysed and contained the complete sequence of thymidylate synthase gene (TS, EC 2.1.1.45). The TS gene contributes to the formation of thymidine nucleotides for DNA synthesis reducing dTMP and 7,8-dihydrofolate (Finer-Moore et al. , 1990) . Examination of amino acid and nucleotide sequences of TS genes from a variety of organisms suggests that the TS gene of Hz-1 virus was obtained from its insect lepisopteran host by a capture event. Many mammal viruses have acquired genes from their host during their evolution (Raftery et al. , 2000; Bugert & Darai, 2000; McGeoch & Davison, 1999) . The rationale for these acquisitions is usually quite clear, the captured genes are subverted to provide a selective advantage to the virus. However, this is the first report providing evidences of a viral gene capture event from its lepidopteran host.
Results
The nucleotide sequence of the TS gene of Hz-1 virus The nucleotide sequences of the Hin dIII-D fragment of the Hz-1 viral genome were shotgun sequenced, assembled and subjected to BLAST analysis. The complete sequence of a putative TS gene was identified in the Hin dIII-D fragment. TS gene is responsible for the reduction of dTMP and 7,8-dihydrofolate into precursors for DNA replication (FinerMoore et al. , 1990) . And sequence comparison of this gene within SwissProt database indicated that its amino acid sequence was closely related to the TS gene of other organisms (Table 1) In order to rule out the possibility that the TS gene identified above was obtained through contamination of cellular genes, Southern blot analysis was carried out. The probe used was a 645 bp fragment of the TS gene amplified from nucleotide +33 to +677. The signal was not detected in the mock-infected cells (Fig. 2, lane 1) , while it was detected in the Hz-1 virus infected cells (Fig. 2, lane 2) . Hz-1 viral genomic DNA was recruited as a positive control (Fig. 2,  lane 3) . The transcriptional activity of the Hz-1 virus TS gene was investigated using RT-PCR on total cellular RNA from TN368 cells that had been infected with Hz-1 virus at 15 h post-infection (h p.i.). The RT-PCR results confirmed that the TS gene was indeed a Hz-1 viral gene and not a cellular gene by the fact that it was expressed in the Hz-1 virus infected cells at 4 and 8 h p.i. (Fig. 3A, lanes 3, 4) , but not in the mock-infected TN368 cells (Fig. 3A, lane 2) . As an internal control, actin was amplified in all the RNA samples (Fig. 3B) Figure 1 . Amino acid sequence alignment of thymidylate synthase genes from a variety of organisms. Signal '-' is a gap or a deletion in sequence. The first forty-seven amino acid sequence was excluded in the phylogenetic analysis before the first codon of Hz-1 virus in this study. Abbreviations of each taxon were the same as in Table 1 .
Similarity of the TS gene of Hz-1 virus and lepidopteran TS genes
In order to look at the relationship of the TS gene of Hz-1 virus to other TS genes, a variety of homologous TS gene sequences were analysed by pairwise distances of both amino acid sequence and non-synonymous substitutions. The lower the pairwise distance between the TS genes of two organisms, the higher similarity they have. For this analysis, TS sequences with high affinity to Hz-1 virus in Table 1 were selected, such as those of mammals, insect, herpesvirus, plants, nematode, and protist. Additionally, a few related sequences were selected, including TYSY_HSVRM from Rhesus macque rhadinovirus, TYSY_FILNE from Fungi Filobasideilla meoformans and TYSY_BOMMO from Bombyx mori . TS genes of two prokaryotes, E. coli and B. subtilis were selected as outgroups. As can be seen in Table 2 , the TS gene of Hz-1 virus was the least divergent to B. mori with the amino acid proportion distance of 0.253, suggesting a high similarity of the TS genes between Hz-1 virus and B. mori . The amino acid distance between Hz-1 virus and B. mori was significantly lower than that between Hz-1 virus and other organisms (0.304-0.523) (Table 2) ( P < 0.01, Student's t -test).
Origin of the TS gene of Hz-1 virus i Previously, it has been shown that the TS gene of prokaryotes and eukaryotes have diverged considerably (Muller et al. , 1998) . Usually, transitions accumulate much more rapidly than transversion and non-synomous substitutions accumulate more slowly than synonymous (Page & Holmes, 1998) . Owing to multiple hits at the same site, the relationship between sequence divergence and the time elapsed since divergence is not linear. A simple correlation was performed between relative substitution type and correlation coefficient to see the events of multiple hits in each substitution type. The higher the correlation coefficient ( r ) the less non-homologous substitutions and thus the more suitable for phylogenetic study. Results showed that the 3rd codon transition and synonymous substitution had a very low r -value in this analysis suggesting that the transition and synonymous substitution have weak phylogenetic information and were excluded (Table 3 , italic faces). The r -values were higher for the non-synonymous and amino acid distances, therefore they were used for phylogenetic inference (Table 3 , bold numbers). Results of phylogenetic analysis from non-synonymous distances, amino acid distances or DNA substitution (transition in the 3rd codon position is excluded) in the clustering method revealed that the TS genes of Hz-1 virus, insect, herpesvirus and mammalian were the most similar, while those of both prokaryotes and CIV were the most divergent (Fig. 4) .
Phylogenetic results from non-synonymous distances revealed that the TS gene of Hz-1 virus grouped with that of insect B. mori (BOMMO) (Fig. 4) . Evidence of high similarity between TS genes of Hz-1 virus and B. mori was very robust as there is a deep branch length from the internal node of Hz-1 V-insect group to the internal node connecting the other remaining organisms (Fig. 4A) . Relationship analysis from amino acid distance showed a similar result to that of non-synonymous distance (Fig. 4B) . High bootstrap value in the node of Hz-1 virus and B. mor i provides good evidence that the TS gene of Hz-1 virus may be acquired from its lepidopteran host. The TS gene of D. melanogaster was also similar to that of the Hz-1 virus-B. mori group, Hz-1-BOMMO (Fig. 4A) . However, the different relationship resolution shown in Fig. 4(B) suggests that the TS gene of D. melanogaster was diverged from that of B. mori and Hz-1 virus.
Multiple capture events of TS gene in insect viruses
It is intriguing that there is a distant evolutionary relationship between the TS gene of two other insect viruses, CIV or MsEPV and that of insects (Fig. 4) , although it has been postulated that the TS gene of CIV may have acquired from its host (Muller et al. , 1998) . Results of phylogenetic analysis showed that the TS gene of CIV and MsEPV may not have derived originally from their insect hosts because the TS genes of these two viruses were distributed between prokaryotes and eukaryotes (Fig. 4) . TS sequences of CIV and MsEPV were divergent to insects or to all the other eukaryotes (Table 2) . Together, the sequence divergences and phylogenetic analysis provide good evidence that the TS gene origins of CIV and MsEPV insect viruses were independent from that of Hz-1 virus. Thus, TS genes in insect viruses, Hz-1, CIV, and MsEPV, may have a different evolutionary history and have originated from multiple capture events. Abbreviations in this table are the same as in Table 1 .
Discussion
A number of de novo viral genes can be acquired from a host gene transcription, from genomic DNA, or from another virus infecting a common host (Rossinck, 1997) . Molecular mimicry or genetic piracy, with respect to the utilization of cellular genes, captured and modified during the course of viral evolution, are areas of increasing research with the expansion in virus genome sequencing (DavisPoynter et al. , 1999) . A common feature of these captured genes is that they are non-essential for virus replication in vitro and that they confer selective advantage for virus replication, persistence, and spread, or in dealing with host cell differentiation and immune defence mechanisms in vivo (Brazas & Ganem, 1996; Muller et al. , 1998; Bugert & Darai, 2000; Shimizu & Gojobori, 2000) . However, few cases have been reported where a viral gene is captured from its insect host, although many viruses can infect insects. This paper provides good evidence that the TS gene of Hz-1 virus originated from its insect host. It has been pointed out that the TS genes have been acquired in herpesviruses in either a single or multiple events from their mammalian hosts (McGeoch & Davison, 1999) . So far, the TS gene has been reported in three insect viruses (Hz-1 virus, CIV and MsEPV) and two insect species ( D. melanogaster and B. mori ), yet differential relationships among them were detected. CIV was isolated from rice stem borer Chilo suppressalis ( Lepidoptera ) (Fukaya & Nasu, 1966) , and can infect a number of herbivore insects that damage agricultural crops (Smith, 1976) . MsEPV infects the North American migratory grasshopper Melanoplus sanguinipes as well as two related grasshopper species M. differentialitis and M. packardiibelongs , and the desert locust ( Locusta migratoria ) (Streett et al. , 1990) and belongs to genus B of Entomopoxvirus subfamily that infects orthopterans and lepidopterans (Goodwin et al. , 1991) . Our results show that the TS gene of both CIV and MsEPV were distributed between those of the prokaryotes and eukaryotes in the phylogenic tree (Fig. 4) . It is possible that CIV and MsEPV have obtained the TS gene from the prokaryotic or Protisa. However, this possibility requires clarification through further investigation.
The pairwise distances were larger between the TS gene of B. mori and D. melanogaster compared to that between the TS gene of B. mori and mammals. It is possible that more substitutions were accumulated between the TS gene of both B. mori and D. melanogaster , because these two insects were split before 200 million years ago (Kristensen, 1981) . Alternatively, mammals have large body size and long generation time, that will reduce the mutation rate and result in short divergence times in TS genes as compared to those of other organisms. In conclusion, this paper provides novel information that the TS gene of Hz-1 virus was obtained via a capture event from its lepidopteran host, and is different from events on two other insect viruses, CIV and MsEPV.
Experimental procedures
Cells and virus TN368 cells were isolated from the ovary of Tricoplusia ni larvae (Hink, 1970) and cultured in TNM-FH medium supplemented with 8% fetal bovine serum (Gibco BRL, Gaithersburg, MD) and maintained at 26 °C. Hz-1 virus was propagated in TN368 cells and the titre of the virus was determined by plaque assays. Viral genomic DNA was isolated following the protocols suggested by Summers & Smith (1987) .
Shotgun sequencing
The extracted plasmid DNA was sheared to an average of 2 kb fragments using a sonicator, end repaired with T4 DNA polymerase (3 U/µl; NEB BioLabs, Beverly, MA) and Klenow enzyme (5 U/µl; NEB), and then the 5′-ends of fragments were phosphorylated with polynucleotide kinase (10 U/µl; NEB). The blunt end sheared fragments were purified in a 1% agarose gel, and ligated to SmaI (10 U/µl; Takara, Kyoto, Japan) treated pBluescript vector with T4 DNA ligase (10 U/µl; NEB) at 4 °C for 16-20 h, and heat-shock transformed into competent E. coli cells (Gibco BRL). Both ends of the shotgun cloned 2 kb fragments were sequenced with both T3 and T7 primers using BigDye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer, Foster city, CA) and the nucleotide sequences were determined by an autosequencer (ABI TM PRIM 377; Perkin-Elmer).
Computer-assisted analysis
Nucleotide and amino acid sequences were compiled and analysed using BLAST program of NCBI (http://www.ncbi.nlm.nih.gov/) and virus database of Genestream (http://vega.igh.cnrs.fr/). The sequences were aligned using the PILEUP program of the GCG software package (GCG, University of Wisconsin, Madison, WI). Aligned amino acid and nucleotide sequences were analysed using the MEGA program (Kumar et al., 1993) for calculating the proportion divergences, non-synonymous divergences, and amino acid divergences among all paired sequences. Phylogenetic analysis was performed using Clustering method, UPGMA, where estimations of pairwise distance were based on the proportional distance. The SAS program (SAS Institute Inc., 2000) was used to perform a Student's t-test and calculate correlation coefficient (r) value of relative pairwise distance.
Southern blot hybridization
Total cellular genomic DNA was extracted from mock-infected TN368 cells and from productively infected TN368 cells at 15 h p.i. following the protocols of Summers & Smith (1987) . Hz-1 viral genomic DNA was extracted as above. Ten µg of cellular DNA and 500 ng of Hz-1 viral DNA were digested with HindIII (NEB BioLab), electrophoresed in a 0.8% agarose gel at 60 V for 16 h, transferred on to nylon filter (MSI, Westborough, MA), and hybridized at 65 °C for 18 h. An α-32 P-dCTP labelled probe containing a 645-bp TS fragment amplified with 2 primers (forward primer) 5′-AACTCGTGCGCTT-TCACG-3′ and (reverse primer) 5′-GAACACGATCAGAAGTAT-CATT-3′ was labelled with a random primed labelling system (rediprime TM ; Amersham Pharmacia Biotech, Uppsala, Sweden) and used for hybridizations. Conditions for PCR amplification were as follows: initial denaturation at 94 °C for 5 min, 30 cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 2 min. The final cycle was followed by an extension for 7 min at 72 °C. After hybridization, the filters were washed twice in 2× SSC, 0.1% SDS at room temperature, followed with two washes in 0.1× SSC and 0.1% SDS at 65 °C, and then autoradiographed.
Rt-pcr
Three µg of total RNA samples extracted from mock infected TN368 cells and productively infected TN368 cells at 0, 4, and 8 h p.i. were treated with RNase-free DNase (Böehringer Mannheim) and RNasin (40 U/µl, Promega, Madison, WI) at 37 °C for 15 min. The treated RNA was reverse transcribed with M-MLV reverse transcriptase (200 U/µl, Gibco BRL) using TS-specific sequences shown above. As a positive control for RT-PCR, actin-specific sequences were used as primers: 5′-GATGTTCGTGCGCTTG-TAGT-3′ and 5′-GCTGGAAGGTGGACAGG GAA-3′. The amplified products were a 645 bp TS fragment and an 1059 bp actin fragment, and were analysed in 1% agarose gels.
